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Abstract 
Orthopaedic implant associated infection causes significant morbidity and social cost.  It occurs most 
frequently following trauma surgery and is influenced by an array of patient, surgical, implant and injury 
factors.  Animal research has been integral to our understanding of these factors.  Large, well controlled 
clinical trials  of new implant technology are logistically difficult and prohibitively expensive, making 
continued animal research essential.  There is an imperative however, to minimise harm in animal trauma 
research.  The central goal of this project was to refine existing animal models in order to reduce the 
number of animals required to generate clinically relevant outcomes.  Specifically, the primary aim was to 
create a new, reliable, repeatable, standard, femoral fracture model in rabbits which would have potential 
for wide application in future trauma implant research.  The secondary aim of this project was to investigate 
novel bacterial inoculation techniques for application in musculoskeletal infection studies. 
Method 
Two parallel rabbit femur fixation contructs were investigated – the RabbitNail TM , a custom designed 
retrograde intramedullary (IM) nail, and a locked plate construct.  Ex vivo mechanical testing of constructs 
was performed using 24 thawed cadaveric rabbit femora.  A limited in vivo trial was subsequently 
performed (n=8) where fixation constructs were used to fix a mid diaphyseal osteotomy of right femur of an 
anaesthetised NZ white rabbit.  Animals were euthanized after 7 weeks and fracture healing assessed with 
non-destructive mechanical tests and qualitative histology.  Left femurs were tested as controls. Inoculation 
experiments  were performed to evaluate the effect of viscous suspension media on bacterial viability of 
Staphylococcus aureus.  Four candidate suspension media were tested: Glycerol, CarboxymethylCellulose 
(CMC), Gelatine and aqueous ultrasound gel.  Serial cultures were performed after two hours suspension 
in each medium and compared to bacteria suspended in phosphate buffered saline (PBS). 
Results 
Ex vivo mechanical testing was performed on 24 femora in 5 groups.  Locked plate and RabbitNail 
constructs had similar torsional stiffness and yield loads and both were considered adequate for a limited in 
vivo trial.  The RabbitNail was implanted in 3 rabbits.  Two animals sustained an early periprosthetic 
fracture and were euthanized.  Locked plate fixation of two different sizes was used in 5 rabbits.  Three 
animals went on to robust fracture healing with torsional stiffness of healed fractures comparable to the 
intact contralateral femur, while one healed despite screw breakage and another animal was euthanized 
early following periprosthetic fracture.  Further in vivo experiments were suspended due to the high 
incidence of periprosthetic fracture.  
Glycerol and CMC and aqueous ultrasound gel had favourable handling characteristics for a 
musculoskeletal infection trial.  Physical properties of Gelatine precluded its feasible use in fracture 
inoculation.  Aqueous ultrasound gel consistently hindered bacterial growth.  Two hours of suspension in 
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glycerol had little overall effect on bacterial growth, while bacteria suspended in CMC consistently showed 
low magnitude, positive growth.  Repeat cultures showed greater variability for both, than with PBS. 
Conclusions 
These results suggest that a femoral fracture model in mature NZ white rabbits is likely to have an 
unacceptable surgical complication rate.  Future animal fracture model research should focus on a different 
animal, or different bone.  Glycerol and CMC suspension media have potential to improve in vivo 
musculoskeletal infection trials. Further research including an anatomical study of dissemination 
characteristics at the fracture site and an in vivo trial would be useful. 
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1. Introduction 
1.1 Background 
Musculoskeletal infection is a common complication of trauma, causing significant morbidity and social 
cost.  Despite antibiotic prophylaxis and aseptic surgical technique approximately 1% of closed fractures 
and between 5 and 30% of open fractures become infected following surgical fixation 1-3.  These infections 
necessitate prolonged hospital stays, long term administration of antibiotics and multiple surgeries. 
Infection therefore potentiates poor functional outcomes and vastly increases the risk of mortality to 
patients 2. Healthcare costs can quadruple and combined with loss of productivity cause significant 
community burden 4. 
Prospective clinical trauma studies are difficult to perform.  Trauma is by nature unpredictable and 
invariably confounds the strict criteria and protocols needed to control a clinical trial.  Given the morbidity 
associated with musculoskeletal infection, a small clinical benefit could be quite meaningful but proving 
such a benefit in, for example closed fracture fixation, with an incidence of 1% would require an 
unrealistically large sample size and could only be performed at significant expense.  Useful clinical data 
can be gained from cohort and registry analyses but retrospective studies are susceptible to unknown 
confounders 5.    For this reason animal models have long been used to evaluate the safety and 
biocompatibility of new technology, as well as to characterise the biologic and molecular response to 
trauma and its management. 
A variety of animal models have been created to evaluate musculoskeletal infection 6.  Model design 
incorporates a number of choices including species selection; anatomic location; implant design; pathogen 
inoculation and mechanism of inflicting trauma.  It is important to recognise that one particular model will 
not be ideal for answering every research question.  Thorough evaluation of any particular hypothesis may 
necessitate preclinical testing in more than one species as is typical of pharmaceutical trials where 
regulatory agencies require results in two different species 7, 8.  Historically larger animals such as sheep 
and dogs have been preferred for fracture models due primarily to their more accommodating bony 
geometry 6, 9.  The recent availability of custom implants for mice, designed to mirror modern clinical 
techniques, has demonstrated that this may not need to be the case 10-12.  Small animals have many 
advantages.  They are more easily and economically handled and in the case of mice, genetic, molecular 
and immunologic variables can be manipulated and controlled 9, 13.  Rabbits have been used frequently for 
osteomyelitis models due to their relatively easy maintenance and reproducible infection profile, but fracture 
models have been somewhat limited by the lack of stable, clinically relevant fixators such as those 
developed for mice 6, 14. 
It is imperative that researchers strive to create a model which will generate meaningful outcomes while 
doing the least harm to the lowest possible number of animals 9.  Animal models in the existing literature 
are highly heterogeneous.  Reliable, repeatable 'standardised' models would not only enable comparison 
but ultimately reduce the number of animals required for research in this field. 
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Novel approaches to prophylaxis, implant design and surgical management have the potential to improve 
infection outcomes in trauma.  In vitro and non-traumatic in vivo models have variously demonstrated that 
implant material, topography and design can influence infection susceptibility 15, 16, while initial results on 
implant coatings and chemical surface modification have also shown promise 17, 18.   Reliable and 
repeatable small animal models for fracture-fixation associated osteomyelitis would be indispensable in 
evaluating this technology and providing a crucial step between the lab and clinic.   
The goal of this project was to improve on existing small animal fracture-osteomyelitis models in both 
rabbits and mice by piloting new fixation and inoculation methods.  In collaboration with the AO Research 
Institute (ARI) (Davos, Switzerland), we aimed to create a surgical procedure for fixation of a mid-shaft 
osteotomy in a rabbit femur using a commercially available veterinary locked plate (Synthes, Switzerland).  
This procedure will be compared to, and evaluated alongside the RabbitNail, a custom designed inter-
locked intra-medullary (IM) nail for rabbit femora (Research Implant Systems, ARI).  Following initial 
mechanical evaluation, both fixation techniques were performed in vivo at the ARI.  Implant performance 
and safety, along with fracture healing were evaluated through clinical and radiographic monitoring of 
subject animals.  After fracture healing, animals were euthanized, specimens explanted, and analysed with 
histologic and mechanical testing.   
To improve understanding of the procedural variables in bacterial inoculation, in vitro experiments with 
novel suspension media were performed.  The reliable delivery of a relevant pathogen to bone is integral to 
animal models of osteomyelitis.  S. aureus is the most common bacteria isolated in clinical cases of 
osteomyelitis and is therefore used most frequently in animal models.  S. aureus is a highly virulent 
organism which can also cause soft tissue abscesses and sepsis, which have the potential to confound 
osteomyelitis models.  Isolating infection to the intended site in bone relies among other things on spatial 
containment of the inoculum after delivery.  We hypothesised that viscous media would facilitate more 
predictable spatial containment than phosphate buffered saline solution (PBS) which is traditionally used.  
A preliminary step in assessing the appropriateness of viscous suspension media is to determine if the 
media itself affects bacterial viability.  A series of experiments were performed on candidate media with this 
goal. 
 
 
1.2 Research Problem 
Over the last 40 years a number of animal models have been created to answer questions in orthopaedic 
trauma research 6.    Models examining musculoskeletal infection in the context of fracture are, however, 
rare in the literature despite the clinical prevalence of this problem and the potential for causing morbidity.  
Small animal studies can offer cost-effective and statistically well powered solutions and recent 
development of clinically relevant custom implants for mice has demonstrated their potential in future 
fracture research.  There are clear windows for improvement and standardisation of fracture-infection 
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model design small animals.    Modern orthopaedic technology such as locked plates and newly available 
species-specific implants provide an opportunity to improve rabbit models, while our intended work on 
inoculation methods is applicable to all small animals.  
The project has been designed with the concept of the 3 R's of animal research at its heart  19.  In vivo 
models cannot be replaced in trauma research but we hope that by refining experimental techniques, this 
work will ultimately lead to a reduction in animal numbers required.  
1.3 Research Questions, Goals, Hypotheses 
 Can a reliable, repeatable, and ethical fixation procedure be performed in a rabbit femoral 
osteotomy using a custom designed IM nail? 
 Can we design and implement a locked plate construct to reliably, reproducibly and ethically fix a 
rabbit femoral osteotomy? 
Hypothesis: 
a) An interlocked retrograde IM nail will provide effective fixation for uncomplicated healing of a 
transverse diaphyseal osteotomy in a rabbit femur over 6-8 weeks. 
b) A locked plate construct will provide effective fixation for uncomplicated healing of a transverse 
diaphyseal osteotomy in a rabbit femur over 6-8 weeks. 
 
 How does fracture healing differ between the above models? 
 Can small animal fracture inoculation methods be improved through use of novel viscous 
suspensions? 
 
Hypothesis (null): 
Selected viscous suspension media will have no effect on bacterial viability. 
 
2. Literature review 
2.1 Species / model selection 
The ideal animal model for orthopaedic implant related infection would have molecular, cellular, structural 
and mechanical features akin to human bone, a size and temperament allowing low cost maintenance and 
handling, a well-documented genetic and immunologic profile, and be sufficiently robust to endure medical 
and surgical interventions which reflect clinical practice. 
Unsurprisingly, no such animal exists and the selection of any one model involves compromise and 
prioritisation of specific research questions.  Thorough evaluation of any particular hypothesis may 
 Lorenzo Calabro 5 
 
necessitate preclinical testing in more than one species as is typical of pharmaceutical trials where both a 
small and large animal model are recommended 8. 
In general, larger animals such as non-human primates, sheep, goats and dogs are better able to tolerate 
interventions and their bony geometry can accommodate human scale implants 6, 9.  This is important, as 
mechanobiologic variables including fixation stability are known to influence both fracture healing and 
infection susceptibility 20, 21. Smaller animals such as rats, mice and guinea pigs perform less well against 
these criteria but can be housed and fed more easily allowing larger numbers and more powerful 
conclusions at an acceptable financial cost 9, 22.  Rabbits have been used frequently for osteomyelitis 
models due to their relatively easy maintenance, reproducible infection profile, and apparent tolerance to 
implantation of readily available implants 6, 14.  
Technological advances in small scale fixation devices and the availability of transgenic rodents has 
recently challenged these generalisations and may enable small animal fracture models to better emulate 
clinical conditions 10, 11.  Matthys and Perren developed an internal fixator, analogous to a locked plate for 
use in mouse femoral osteotomy models 11.  Variations on this implant allow the investigator to choose 
between stable or flexible fixation, and hence choose between a model with primarily intramembranous or 
endochondral fracture healing 23.  An interlocking nail and an external fixator with stable and less stable 
fixation options have also recently been developed for mouse femora 10, 12.   
Interspecies differences in immune response are also important to acknowledge in infection trials.  
Historically the success of animal osteomyelitis models has been determined by the degree to which 
histological and microbiological outcomes mirror those found in human disease 6.  Inoculation and surgery 
is typically manipulated to meet this end and it has been noted that some animals such as rats and dogs 
are more difficult to infect than others such as rabbits 6.  Human pathogens may not cause predictable 
disease in a particular animal or any disease at all 24.  Traditionally immunobiological research has used 
non-human primate models in pre clinical testing for their similar genetic profile but it is noted that even 
chimpanzees have differences in major histocompatibility complex (MHC) genes and that these differences 
can influence disease 24.  Transgenic mice with humanised immune systems may provide a novel solution.  
In this technique human haematopoietic stem cells are engrafted into immunodeficient mice allowing 
characterisation of a human immune response in a pre-clinical model 13.  These animals create the 
potential for detailed molecular characterisation in preclinical models of human infection 9, 13. 
New technology in small animal research provides a means of improving in vivo trauma models.  Reliable, 
ethical and cost-effective models will facilitate future clinical advances. 
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2.2 Orthopaedic Trauma in animal models 
Infection rates associated with fracture fixation are consistently higher than those in elective orthopaedic 
implant surgery such as arthroplasty 3, 25.  Contributing factors include contaminated and devitalised soft 
tissue, systemic inflammatory response, procedural, implant and host issues 3, 16, 26. 
A variety of animal models have been developed to better understand the natural history or to compare 
interventions in fracture healing.  These models can be categorised according to the nature of the trauma 
inflicted, for example osteotomy versus three point bending versus blunt impact fracture; the subsequent 
management of this trauma; the animal used; and the anatomic location within the animal.   
The first methodological challenge in a trauma model is the need for creation of a repeatable injury.  The 
most controlled way of achieving this is to create an osteotomy.    An obvious drawback, however, is the 
need for surgical exposure which in the case of intra-medullary fixation would otherwise be unnecessary.  
Furthermore, osteotomy does not re-create the typical forces involved in clinical trauma, nor the more 
complex fracture patterns and soft tissue trauma.  Despite this, osteotomy healing has been shown to 
grossly resemble low-energy random fracture healing in sheep 27. 
The most common alternative is a three point bending method, with a controlled force delivered by various 
means.  Ashurst et al 28 devised a method of creating a reproducible fracture in the mid shaft of rabbit 
tibiae.  In this model the medial cortex was osteotomised, a plate placed in situ and a 3 point bending 
device subsequently used to fracture the remaining cortex.  Jackson et al 29 had previously created a blunt 
impaction guillotine device to create a closed fracture over a rat femora which had already been implanted 
with an intra-medullary pin.  The force was delivered with a pneumatic impulse from a compressed air 
cylinder.  Bonnarens and Einhorn 30 simplified the Jackson model by creating a similar guillotine device 
relying only on the force of gravity.  However, unpublished ex vivo data from trials performed at the ARI, 
(Davos Switzerland) found the Bonnarens method to be unreliable in creating reproducible, simple rabbit 
femoral fractures. 
2.3 Existing fracture + infection models 
Many studies, including those above, have characterised the nature of fracture healing with regards to 
experimental variables such as pharmaceuticals, soft tissue injury or fixation techniques.  Few authors 
however have investigated fracture associated osteomyelitis and the existing literature is highly 
heterogeneous. 
Rittman and Perren established an early experimental model in sheep to evaluate the impact of fixation 
stability on healing in an infected fracture 31. Various compression plating techniques were used in an effort 
to potentiate primary bone healing.   All animals were infected with S. aureus, if necessary by repeat 
inocula.  Radiologic, histologic and mechanical characterisation of fracture healing ensued. 
Sheep models continue to be used with some success.  Stewart et al recently demonstrated the potential 
prophylactic utility of an antibiotic implant coating in a mid diaphyseal sheep tibial osteotomy inoculated at 
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the time of surgery with S. aureus  17.  Culture of autopsy specimens obtained from 9 sheep after 3 months 
of fracture healing showed that osteotomies fixed with a Vancomycin-modified plate had a relative risk of 
0.27 for infection compared with those fixed with a non modified plate.  
Other isolated models including a fracture or osteotomy, and infection have since been created in sheep, 
goats and rats 32-34. Worlock et al developed a rabbit model with relevance to this trial 35.  They initially 
aimed to reliably cause fracture fixation associated osteomyelitis in rabbits without causing systemic illness 
36. Using the fracture and plate fixation method of Ashurst in rabbit tibiae, an S. aureus strain isolated from 
a patient with chronic osteomyelitis was inoculated immediately following wound closure.  With an inoculum 
of 107 bacteria, osteomyelitis developed in 4 of 5 animals without causing sepsis.  The same group adapted 
this model for a later study evaluating the impact of fixation stability on infection risk in fractures fixed with a 
stable construct dynamic compression plate (DCP) or an unstable construct (non-locked intramedullary pin) 
35.  Fractures fixed with stable fixation were significantly less likely to develop osteomyelitis than those with 
unstable fixation when inoculated with 107 bacteria (91% vs 40% (p=<0.01)).  The authors however noted a 
sub-optimal complication rate in the stable fixation group. Four of 14 animals suffered a peri-implant 
fracture around the DCP in the early post-operative period and had to be removed from the study. 
 
2.4 Inoculation methods 
Typically an anaesthetised animal in a musculoskeletal infection trial will be subjected to a standardised 
trauma and fixation, with perioperative bacterial inoculation.  The pathogen used most frequently is 
Staphylococcus aureus, reflecting its prevalence in clinical osteomyelitis 2.  The aim is to reliably create 
local osteomyelitis without sepsis 37.  This inherently relies on spatial containment of the inoculated 
bacteria.  The method most commonly used is to place a percutaneous needle at the osteotomy or implant 
site under vision during surgery 35, 38.  The wound is then closed and bacteria, suspended in PBS solution 
are inoculated to the target site via the needle.  A particular inoculum dose will not always precipitate 
infection in an individual animal and pilot trials are required to determine the dose which will, for example, 
cause infection in either 50% or 10% of animals 37.  The variability in response may be due to immune 
function, bacterial viability and the difficulty in controlling dissemination of bacteria post inoculation.  A 
solution to the latter issue would improve osteomyelitis models.  In one trial, the authors, acknowledging 
this issue, used contaminated resorbable collagen gel-foam, rather than PBS to inoculate a fracture in 
caprine tibiae 32.  Detailed analysis of bacterial dissemination using the foam was not published but the 
authors did note that remnant foam was identified with evidence of host immune response at the end of the 
trial.  This perhaps suggests that the extra material is more likely to confound results than control them 32.  
A more viscous bacterial suspension is another approach to this problem.  Ideally this material would have 
no effect of its own on bacterial growth and viability, nor host immune response and would not diffuse over 
a wide area – particularly during the first hours post contamination.  Widely available biocompatible 
materials including glycerol, medical gelatine and hydrogels with existing clinical applications in drug 
delivery or burns and reconstructive surgery are candidate media 39, 40.  To our knowledge they have not 
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been used previously in this setting and their effect on bacterial viability has not been extensively 
described. 
 
2.5 Mechanobiology in fixation constructs 
In fixing a fracture with a locked plate, the surgeon faces a number of choices which can impact the 
mechanical performance of the system and therefore fracture healing.  Locked plates work in vivo as low-
contact internal fixators 41.  They are attractive in osteomyelitis models (and infection surgery) as they are 
associated with lower susceptibility to infection – a finding thought to stem from reduced periosteal 
compression compared to conventional plating techniques38.   Locked plate constructs also allow fixation of 
both simple and comminuted fractures, and in an experimental setting can be used to precisely manipulate 
a fracture gap 42, 43. 
Plate and screw configuration also influence the stiffness of the fixation system.  Stiffness of the construct 
has to be balanced against the fact that micro-movement is almost always necessary for efficient fracture 
healing 41.   A rigid construct can also focus stresses on small areas of the plate or bone potentiating failure.  
This is a particular issue in small animal fracture models where weight bearing cannot be prevented in the 
early post-operative phase.   Factors to be taken into account include the 'working length' of the plate 
(unsupported length of the centre of the plate bridging the fracture gap, in between the innermost screws 
on either bone fragment), the distance between the plate and bone, and resistance to likely physiologic 
loading.  Stoffel et al used composite bone models to evaluate the fatigue strength of varying locked plate 
constructs under axial and torsional loads 43.  They determined that with a 1mm fracture gap, leaving one 
hole empty either side of the 'fracture' and hence increasing the working length, decreased the axial and 
torsional stiffness but also decreased stress through the plate under these loads.  They and other authors 
also showed that increasing the distance between plate and bone decreases construct rigidity 44. 
2.6 Physiologic stress in animals and relevant testing 
Relevant ex vivo mechanical testing should aim to reproduce in vivo forces 45.  The physiologic forces on 
rabbit femora in vivo have not been described.  Burstein et al in a seminal study designed criteria against 
which to evaluate mechanical tests for long bones and reasoned that torsional loading to determine rigidity 
and load capacity was the most valid means of assessing strength 45.  Destructive and non-destructive 
mechanical testing is commonly used to evaluate the integrity of healed fractures in animal models 46-48. 
2.7 Summary 
Animal models are important in evaluating surgical technology prior to clinical trials.  There is an ethical and 
logistical imperative for reliability and reproducibility in the design of these models.  In trauma research, 
heterogeneity in existing models prevents direct comparison between results obtained using different 
experimental models, or the ability to draw generally valid conclusions from results obtained with a single 
model.  Furthermore, evolving standards in animal research preclude repetition of some early models while 
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recent developments in fracture fixation techniques decrease the relevance of others.  This study aimed to 
address this deficit: Specifically, our primary aim was to create reliable and standardised fracture healing 
models in rabbit femora with two different types of fixation (IM nail and locked plate) mirroring modern 
clinical fixation constructs.  Our secondary aim was to improve inoculation techniques in small animal 
orthopaedic infection models by evaluating viscous suspension media.  In vivo fracture/infection models are 
sparse in the literature and highly variable.  Their effectiveness hinges on the ability to reliably inoculate the 
desired anatomical area with the desired dose of pathogen.  Spatial (anatomical) containment of pathogen 
is an important factor in inoculation and based on the premise that viscous media would facilitate this, we 
proceeded to evaluate the effect of candidate media on bacterial viability. 
3. Research Design 
3.1 Methodology Overview 
Experimental work  was performed in distinct  In vitro, ex vivo and in vivo phases.  Methodology and results 
are presented in 3 parts respectively below.  All experiments described in this thesis were peformed at the 
AO Research Institute (ARI) in Davos, Switzerland.   The ARI, Preclinical testing program specialises in 
orthopaedic research with facilities and experienced personnel for animal care, anesthesia, surgery, 
biomechanical testing and CT imaging.  In vivo experiments were performed in an ISO 9001-2000 certified 
laboratory and in accordance with the Swiss Animal Protection Law. Animal permission was obtained for 
this study from the Office for Food Safety and Animal Health Graubünden (Switzerland) (TVB #12/2010). 
Skeletally mature, female New Zealand (NZ) white rabbits, sourced from Charles River Laboratories, 
Sulzfeld (Germany) were used.   Two parallel animal models with different fixation constructs for the rabbit 
femur were evaluated: 
 Retrograde interlocked intramedullary nail fixation 
 Locked plate fixation 
Initial ex vivo work involved implant construct, procedure design and ex vivo analysis of mechanical 
performance in cadaver rabbit femora.  This was followed with an in vivo pilot study to evaluate fracture 
healing performance.  Microbiologic experiments were performed in the laboratory to assess the viability of 
Staphylococcus aureus in candidate viscous media. 
3.2 Experimental Models 
Locked plate 
Locking compression plates (LCP)(Synthes, CH) were used in two sizes for both ex vivo and in vivo work.  
Initially, the 8-hole stainless steel, 56mm x 1.5mm veterinary LCP was used with 6 x 2.0mm locking screws 
(Synthes, CH). This implant will be referred to as 2.0mm plate in the following as per AO convention.  
Subsequently a more robust 8-hole stainless steel, 64mm x 2.0mm LCP with 6 x 2.4mm screws was used, 
which will be referred to as 2.4mm plate in the following.    Plates were fixed with 6 locking screws using a 
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hand powered 4 Nm torque limited screw driver (Synthes, CH) with the central two holes left empty.  When 
indicated, a transverse mid diaphyseal osteotomy was then made between the two central holes using a 
0.66mm gigli wire.  
IM Nail 
A custom designed, stainless steel interlocked IM nail (Research Implant 
Systems, ARI) was used with four interlocking pins.  The nail is 86mm in 
length and 2.5mm in diameter and is supplied with custom 
instrumentation including an aiming jig (Fig 1).  The intra-medullary canal 
was accessed in retrograde fashion.  The canal was opened and reamed 
to the diaphyseal isthmus using a 2.0mm, and 2.7mm drill bit by hand.  
The proximal canal was reamed using a 1.8mm Kirschner wire powered 
by a micro-surgical drill.  The nail was inserted under power till its distal 
end was clear of the knee joint.  The interlocking jig was then applied  
and interlocking pins were pre-drilled and inserted from proximal to distal.  
A saw-guide was clipped to the jig using the most proximal option to 
standardise the osteotomy site.  A transverse mid-diaphyseal osteotomy 
was performed using a 0.66mm gigli wire 
3.3 Ex vivo experiments 
To maximise safety and ensure ethical treatment of subject animals, ex vivo surgical trials were performed 
to optimise surgical procedures prior to in vivo testing.  Size-matched femora of rabbit cadaver specimens 
(n=24), sourced from a previously completed trial were divided into five groups as summarised in table 1.  
Intact (control) femora had no fixation or osteotomy (n=6), Intact + IM Nail femora (n=6) had a nail 
implanted as described above but no osteotomy, while IM nail (n=6) and LCP groups (n=6) were fixed and 
osteotomised as detailed above. 
Group n IM Nail 2.0mm plate 2.4mm plate Osteotomy 
Intact 6 - - - - 
Intact + IM nail 6  - - - 
Osteotomy + IM Nail 6  - -  
Osteotomy + 2.0mm plate 3 -  -  
Osteotomy + 2.4mm plate 3 - -   
Table 1 Ex vivo test groups 
 *plate size is defined by the thread diameter of the corresponding screws used for fixation, by AO convention. 
 
The Intact + IM nail group was included as it is difficult to remove the intramedullary nail, but relatively easy 
to remove the interlocking pins.  This was especially predicted to be the case for an animal with a healed 
fracture at autopsy, potentially distorting comparison with the contralateral femur with post mortem 
mechanical tests for the in vivo trial.   We hypothesised that there would be no difference in torsional 
stiffness between an intact femur and an intact femur with an IM nail and included this group to test this 
Figure 1 Rabbit Nail shown with 
aiming device for placing 
interlocking pins 
 (Image: Romano Matthys) 
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hypothesis and validate our post mortem test protocol.  All cadaver femora were then subjected to 
destructive mechanical testing as detailed in chapter 3.5. 
3.4 In vivo surgery 
Surgical technique overview 
Rabbits were anaesthetised and monitored by an experienced veterinary anaesthetist. An intramuscular 
pre-anaesthetic dose sedative and analgesic (Midazolam, Fentanyl and Medetomidine) was administered, 
followed by induction with intravenous Propofol.  An endotracheal tube was introduced and anaesthesia 
was maintained with Isofluorane.  Respiratory and haemodynamic status was monitored throughout the 
procedure.    Following induction, the right hind limb was shaved, then prepared with antiseptic and sterile 
surgical drapes. Surgical procedures differed for plate and intramedullary nail models.  At the end of the 
surgical procedures, after wound closure, a regional nerve block was performed, transdermal opiate 
analgesia applied and post-operative monitoring commenced. 
LCP surgical technique 
The cranio-lateral aspect of the femur was exposed with a 5cm lateral incision.   The muscle was elevated 
from the femur to allow plate application, while the periosteum was kept intact.  The plate (either 2.0mm or 
2.4mm LCP) was  pre-contoured by hand and then placed such that its distal end was as close to the distal 
metaphysis as practicable.  This ensured that the osteotomy could be located reproducibly in a similar 
region of the diaphysis for plate and IM nail models (Fig 2).    Plates were fixed with 6 locked screws as 
described above.  A transverse osteotomy was subsequently created between the 4th and 5th plate holes 
using a 0.66mm Gigli wire.  Following surgical site lavage, the wound was closed in three layers of 
absorbable suture plus wound glue to the epidermis.  After completion of the surgery, successful 
application of the plate and osteotomy was confirmed by formal radiographs. 
 
Figure 2 Example radiographs of 2.0mm locked plate construct 
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IM nail surgical technique 
The distal femur was approached through a 2cm lateral para-patellar incision and medial patella 
dislocation.  The intramedullary canal was opened and reamed to the diaphyseal isthmus using a 2.0mm, 
and 2.7mm drill bit by hand.  The proximal canal was reamed using a 1.8mm Kirschner wire powered by a 
micro-surgical drill.  The nail was inserted under power till its distal end was clear of the knee joint.  The 
cranio-lateral aspect of the femur was exposed with a 4cm lateral incision.   Muscle was elevated from the 
femur to allow interlocking pin fixation, while the periosteum was kept intact.   The aiming device was then 
applied and tapered interlocking pins were inserted from proximal to distal after pre-drilling a 1.0 mm hole 
using a microsurgical drill.  Although these pins were smooth, they achieved stable fixation due to 
compression when the oversized, tapered (1.0/1.1mm taper) pins are inserted into the 1.0mm hole. A saw-
guide was then clipped to the aiming device.  A transverse mid-diaphyseal osteotomy was performed using 
a 0.66mm gigli wire.  Following surgical site lavage, the wounds were closed in three layers of absorbable 
suture plus wound glue to the epidermis.  After completion of the surgery, successful application of the IM 
nail and osteotomy was confirmed by formal radiographs. 
Post-operative care 
Animals were maintained in individual cages for the duration of the study. They were monitored at least 
three times a day by an experienced animal caretaker for the first two post-operative weeks, or longer if 
necessary. Daily checks continued until the end of the experiment. Animals were monitored for their 
general behavior, appetite and load-bearing on the operated limb. The incision sites, respiratory function, 
eyes, fur, and faeces were monitored and the results noted on an assessment form and entered into the 
animal’s logbook.   In the event of undue suffering or fixation failure as determined by a veterinarian, 
immediate euthanasia was performed by the veterinarian using intravenous pentobarbital.  Otherwise 
euthanasia was performed by a veterinarian at 7 weeks post operatively.   Bilateral femora were carefully 
explanted, keeping fracture callus intact and refrigerated at 4⁰C for a maximum of 24hrs before undergoing 
non-destructive mechanical testing.  Following mechanical testing the right (operated) femur was prepared 
for histology. 
3.5 Outcome measures 
Mechanical testing 
Mechanical testing was performed at two distinct points during the study. 
a) To evaluate ex vivo fixation constructs prior to commencing in vivo  work (destructive and  non-
destructive testing) 
b) To evaluate fracture healing following euthanasia 7 weeks post op (non-destructive testing, 
allowing subsequent preparation for histology) 
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Specimens were embedded proximally and distally in poly-methyl methacrylate (PMMA, Beracryl, CH) 
cylinders with a diameter of 30 mm. The free distance between the two embedding sites was 60 mm (Fig 
3). The probes were aligned so that the axes of the cylinders were co-linear with the diaphyseal axis. 
During embedding, specimens were kept moist with compound sodium lactate solution (CSL). 
For torsional testing a material testing machine (MTS Bionix 858, MTS systems, Eden Prairie, MN, USA) 
was used.  The PMMA cylinders were fixed with aluminium 
clamps. The clamp on the proximal end of the bone was 
mounted on a single universal joint. The single universal joint 
was attached to the base plate of the MTS machine. The distal 
end of the bone was mounted on a double universal joint. The 
double universal joint was attached to the load cell. The lightest 
available clamps and joints were chosen to avoid undue load on 
the femur while setting up. The setup was designed to 
compensate for irregularities in axial alignment and minimise 
bending moments on the specimens. 
 
After mounting the samples on the machine, torque and axial 
loads were balanced. During the test there was no axial 
displacement. For torsional stiffness testing, a series of four 
cycles with internal and external rotation was conducted. First, 
internal torsion was applied at a rate of 0.3 degrees/sec up to 
0.4 Nm (for left femurs).   As soon as this threshold was 
achieved, external rotation torque was applied at the same rate 
up to  -0.4 Nm (for right femurs the converse was applied.   For destructive tests, internal rotation torque 
was applied, following the four cycles for stiffness measurement, at a constant angular rate until system 
failure.  The following data was recorded with a sampling rate of 64 Hz: index time [sec], axial load [N], 
axial displacement [mm], torsional angle [deg] and torque [Nm]. 
Internal and external torsional stiffness was recorded on the fourth cycle.  The angle-torque data was 
plotted for this cycle and the linear range was selected.  The trend line for this range was calculated in 
Excel and the slope of this line corresponded to torsional stiffness (Nm/deg).  For destructive tests the 
angle and torque at failure was recorded along with the mode of failure.  In the in vivo trial, the intact left 
femur was tested as a contralateral control following an identical protocol. 
Histology 
Immediately following mechanical tests, right (operated) femora were fixed in 70% ethanol for 4  weeks, 
with fresh ethanol changes weekly.  Specimens were subsequently dehydrated through an ascending 
series of ethanol (70, 96, 100%, with two changes for each step).  They were then transferred to xylene, 
Figure 3  Mechanical testing setup 
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and finally infiltrated with and embedded in PMMA.  PMMA blocks were trimmed using a saw (Bizerba 
FK22, Bizerba, Zurich, CH) in order to fit into an annular diamond saw (Leitz 1600 microtome, Leica, 
Nunningen, CH).  Sections of 200 μm thickness were created along the axis of the femur and prepared for 
analysis with Giemsa / Eosin stain in order to differentiate fibrous, cartilaginous and bone tissue.  Low 
power magnification (25x) images taken through a light microscope (Zeiss Axioscope, Feldbach, CH). 
3.6 In Vitro inoculation media experiments 
Media 
A search of the literature, discussion with supervisors and hydrogel chemists at the ARI yielded a wide 
range of candidate media (Table 2).  The ideal medium would have the following properties: 
 Safe to store and handle 
 Physiologically inert (no unwanted adverse reactions in recipient animal, maintaining bacterial 
viability without encouraging multiplication) 
 Readily autoclaveable 
 Viscosity such that likely dissemination through soft tissue planes is minimised while still allowing 
mixing, pipette use and reliable injection through a 20G needle.  
 Cheap and readily attainable 
Further literature search and supplier contact allowed empirical evaluation of these candidate media 
against certain criteria.  Based on this list, the 4 highlighted candidate media were selected for 
experimental evaluation. 
medium Viscous  degradable inert safety Cost 
estimate 
$AUD/100g 
Gelatine   ?  <10 
AquasonicTM 
Ultrasound gel 
 ? ?  12 
Glycerol   ?  67  
PolyEthylene- 
Glycol 
    23 
 
Alginate     67 
Carboxymethyl- 
Cellulose 
    56 
Hyaluronic acid   ?  >100 
Table 2.  Preliminary empiric evaluation of candidate media 
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Bacterial strain 
A strain of S  aureus, (S. aureus JAR 06.01.31) was used.  This strain was isolated from an infected hip 
prosthesis at the department of medical microbiology, Kantonsspital, Lucerne, Switzerland and has 
previously been used in fracture fixation associated osteomyelitis models 37.   
All experiments were undertaken in a laminar flow hood, under sterile conditions, in the PC2 laboratory at 
the ARI by the primary author with the supervision of an experienced microbiologist (Dr T F Moriarty).  The 
protocols are summarised in Figure 4. 
S. aureus JAR was plated on Tryptone soy agar (TSA, Sigma Aldrich, Buchs, CH) and incubated at 37⁰C 
overnight.   This plate was then refrigerated and single colonies were subsequently taken from this culture 
for use in repeated experiments over a maximum period of 3 weeks.  On each occasion, a single colony 
was inoculated into 20mL of prewarmed Tryptone soy broth (TSB, Sigma Aldrich, Buchs, CH) and 
incubated at 37⁰C overnight.  The following morning (12-15hrs incubation), 200μL of this solution was 
subcultured into 20mL of sterile prewarmed TSB and this was incubated for a further 120 minutes to ensure 
bacteria were in the log phase of growth.  Following incubation, 7mL of this solution was centrifuged 
(7000rpm x 3min) and the resulting bacterial pellet was re-suspended in phosphate buffered solution (PBS, 
Sigma Aldrich, Buchs, CH).  The optical density (OD) of this bacterial suspension at a wavelength of 600nm 
was measured using a spectrophotometer, and the suspension was further diluted until the optical density 
reached 0.2.  An OD of 0.2 was used as this would typically yield a bacterial concentration between 1x106 
and 1x107 CFU/mL, which equated with that used in prior in vivo trials at the ARI. 
This stock suspension of log phase S. aureus was used to perform the subsequent dilutions.  50 μL of this 
suspension was mixed with 950μL of each candidate carrier in a 2mL Eppendorf tube.  Typically this would 
include between 1 and 3 control tubes (950μL PBS) and 1-3 tubes for each experimental medium tested.  
After this index dilution (5x10-2 PBS2.1), 100μL was taken from each Eppendorf for serial dilution, while the 
remaining 900μL of control or experimental suspension in the first Eppendorf was placed in the incubator 
for 120min.  After 2 hrs the same procedure was repeated with the incubated suspensions.  In each case 6 
x 20μL drops of the terminally diluted solution (1x10-4 PBS2.1) was plated out onto a labelled plate with 
TSA and incubated overnight.  The following day bacterial colonies on each plate were counted and the 
CFU/mL was calculated.   
Experiments were repeated a minimum of three times for all materials deemed suitable for testing.   
Inoculation Media preparation 
AquasonicTM gel  
Sterile AquasonicTM gel (Parker Lab. Fairfield, NJ, USA) is cheap and readily available.  It is used widely as 
a topical application in clinical settings.  It proved too viscous in its ‘off-the-shelf’ form to easily pipette or 
inject through a needle.  Therefore, for the purpose of the experiment it was diluted to 80%(v/v) with PBS. 
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Gelatine 
Pharmaceutical gelatine (Gelita GMBH, Eberbach, Germany) with a setting temperature of 25⁰C was used.  
Gelatine proved to have sub-optimal handling.  It was provided as powder which was diluted to 10%(w/v) 
with PBS.  Gelatine could be easily manipulated and had low viscosity at 28 degrees, but became too stiff 
to pipette or inject at 25 degrees meaning that at practical temperatures it did not perform as desired.   
Glycerol 
One hundred percent glycerol (Sigma Aldrich, Buchs, CH) was used. 
CarboxymethylCellulose (CMC)  
Research grade Sodium carboxy-methylcellulose (SERVA Feinbiochemica, Heidelberg, New York) with a 
molecular weight of 100 000 was used for all inoculation experiments with CMC.  Two grams was diluted in 
50mL PBS (4% (w/v)) .  CMC had good handling characteristics at this concentration allowing pipette use, 
injection and mixing. 
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Figure 4.  Inoculation Methodology.   
TSB (Tryptone soy broth); PBS (Phosphate buffered saline); OD (optical density); CMC (CarboxymethylCellulose); TT (test 
tube). 
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4. Results 
4.1 Ex vivo (cadaveric) testing 
24 Cadaver femora were submitted to mechanical testing as described above (6 intact, 6 with IM nail 
implanted, 6  with interlocked IM nail and osteotomy, 3 with 2.4mm LCP and osteotomy, 3 with 2.0mm LCP 
and osteotomy). Intact bones with or without an IM nail implanted were an order of magnitude stronger than 
fixed osteotomised bones (Fig 5).  Plate and IM nail constructs had similar torsional stiffness and load 
capacity (Table 3/Fig 6).  The mode of failure was similar in all fixed bones.  In each case the bone 
fractured around the implant, which itself stayed grossly intact.  Fracture patterns were associated most 
frequently with the interface between distal pins or screws and the bone (fig 7). 
 
 
 Internal Rotation: Stiffness Internal Rotation: Torque at Failure 
 n mean SD n mean SD 
Intact 6 0.67 0.11 6 5.71 2.11 
Intact + IM nail 6 0.72 0.06 6 6.82 1.07 
Osteotomy + IM Nail 6 0.08 0.02 6 1.48 0.21 
Osteotomy + 2.4mm plate 3 0.18 0.01 3 2.12 0.64 
Osteotomy + 2.0mm plate 3 0.08 0 3 1.63 0.23 
Table 3 Ex vivo mechanical test results 
 
 
Mean Torque at Failure  Mean Internal Rotation Stiffness 
 
Figure 5 Ex vivo test results 
 
 
Figure 6 Ex vivo test results 
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Pre test Post test Pre test Post test 
Intact femur IM Nail (No Osteotomy) 
    
IM Nail + Osteotomy 2.4mm Plate + Osteotomy 
    
2.0mm Plate + Osteotomy   
   
Figure 7 Ex vivo test images 
4.2 In vivo Surgery 
8 procedures were performed over a period of 10 weeks between May-July 2011 (3 x RabbitNail fixation, 2 
x 2.0mm LCP, 3 x 2.4mm LCP).  Procedures were performed at intervals to allow assessment in the early 
post operative period and subsequent technique or implant modification with a minimal number of animals 
used.  Both IM nail and LCP procedures or implants were modified throughout this period to address 
complications as they occurred.  Despite adaptation of technique there was a persistently high rate of early 
fixation failure and it was decided to cease live surgery after 8 procedures.  The process of ex vivo and in 
vivo technique refinement in addition to outcomes is described below. 
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4.3 IM Nail (n=3) 
The procedure changed slightly between animal 1 and 2 and the interlocking pins were changed between 
animals 2 and 3.  For animals 2 and 3 the nail was inserted under power using the pneumatic pen drive as 
opposed to by hand in animal 1.  For animal 3, interlocking pins with a ribbed taper and higher break-off 
strength were used.  Results are detailed below and summarized in Table 4. 
Rabbit Euthanized Stiffness healed femur / Stiffness 
contralateral femur (Nm/deg) 
Histology 
1 7 weeks 0.21/0.68 Hypertrophic callus 
Incomplete union 
2 3 days Not performed due to early fixation failure  
3 2 weeks Not performed due to early fixation failure 
Table 4 Summary in vivo results IM nail 
Nail 1 
Rabbit 
# 
Age (day 
of 
surgery) 
date kg Surg 
time 
Procedure notes pins 
11042 54weeks 4.5.2011 5.1 150' Hand insertion nail Original – taper 
engaged by 
hand 
 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory.  Clinical recovery from surgery was uncomplicated but radiographs taken 2 weeks post 
operatively showed that the two proximal interlocking pins had loosened and shifted, causing loss of 
torsional integrity in the implant system (Fig 8).  The osteotomy remained undisplaced and the animal 
appeared comfortable so the decision was made to continue the observation period.  The animal was 
euthanized as planned after 7 weeks with radiographs showing signs of fracture healing despite the 
interlocking pins having backed out of the nail completely.  Post mortem macroscopic examination, 
mechanical testing and histology demonstrated hypertrophic callus formation with incomplete fracture union 
(Fig 9). 
    
Post op XR 2 week XR 
Figure 8 Radiographs Nail 1 
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7 weeks: XR prior to euthanasia 7 weeks: Autopsy healed femur and 
contralateral 
Figure 9 Radiographs & Autopsy image Nail 1 
 
Nail 2 
Rabbit 
# 
Age (day of 
surgery) Date kg 
Surg 
time Procedure notes pins 
11044 56 weeks 25.5.2011 4.8 120' Nail inserted under 
power 
Original design - 
Taper engaged with light 
mallet blow 
 
As described above, the procedure, but not the implant, was modified slightly to address the issues noted 
with Animal 1.    Surgery was performed without complication and immediate post operative radiographs 
were satisfactory.  The animal’s posture and gait was noted to change on the 3rd post operative day.  
Analgesia was immediately administered and radiographs performed showing fixation failure and additional 
fracture (Fig 10).  The animal was euthanized and autopsy performed. 
At autopsy there was a large fracture haematoma.  There was a displaced longitudinal fracture of the distal 
femur extending from the osteotomy, through distal pin holes, the nail entry point and exiting at the caudal-
medial cortex just proximal to the hock.  Both distal interlocking pins had broken at the caudal interface with 
nail.  In addition the second most distal pin had cut a radial path through the caudal cortex.  Photos and 
diagrams are included below (Fig 11, 12). 
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Post op XR Day 4 post op 
Figure 10 Radiographs Nail 2 
  
Caudal (posterior) aspect distal femur Detail: Caudal (posterior) aspect distal 
femur 
 
Lateral view in situ showing broken distal pins 
Figure 11 Autopsy images Nail 2 
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Figure 12 Failure mechanism diagram Nail 2 
 
 
Nail 3 
Rabbit 
# 
Age (day 
of 
surgery) 
date kg Surg 
time 
procedure pins 
11045 61weeks 23.6.2011 4.9 120' Nail inserted under power modified  
 
This procedure was performed using ribbed interlocking pins to address the issues seen with Animal 1.  It 
was felt that ribbed pins would offer greater pull out strength. 
Surgery was performed without complication and immediate post operative radiographs were satisfactory.  
Clinical recovery from surgery was uncomplicated but radiographs taken 2 weeks post operatively showed 
a displaced fracture extending distally from the osteotomy and at least one broken distal interlocking pin 
(Fig 13).  The animal was euthanized and an autopsy performed. 
At autopsy the wound and fascia had healed.  Soft callus had formed around the osteotomy site which was 
relatively stable and extended down the caudal surface of the femur.  An undisplaced complex longitudinal 
fracture extended from the osteotomy site to the entry point of the 3rd pin.  The 3rd pin was intact but had cut 
a circumferential path through its cortical entry and exit point. The 4 th pin had fractured (Fig 14,15). 
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Day 18 post op XR 
 
Figure 13 Radiographs Nail 3 
 
Figure 15 Failure mechanism diagram Nail 3 
   
 
 
 
Caudal aspect 
demonstrating 
callus 
Caudal aspect 
demonstrating callus 
Cranial fracture  Caudal fracture  
Figure 14 Autopsy images Nail 3 
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4.4 Locking plate fixation 
Five animals underwent right femoral osteotomy with locked plate fixation.  Three healed successfully.  
Procedures were performed at intervals again to allow technique or procedure modification as 
complications arose.  Following failure of two 2.0mm screws at the 2 week mark in the first animal it was 
decided to increase to the 2.4mm LCP with 2.4mm screws.  2 animals had a 2.0mm plate while 3 had a 
2.4mm plate implanted.  The trial was ceased after a peri-prosthetic fracture occurred in a rabbit fixed with 
a 2.4mm plate.  Results are summarised in Table 5 and detailed below. 
 
Rabbit Euthanized 
Stiffness healed femur / Stiffness contralateral 
femur (Nm/deg) Histology 
1 7 weeks 0.11/0.54 
Hypertrophic callus 
Incomplete union 
Minor malalignment 
2 7 weeks 0.63/0.65 Robust fracture healing 
3 7 weeks 0.53/0.63 Robust fracture healing 
4 7 weeks 0.67/0.61 Robust fracture healing 
5 2 weeks n/a n/a 
Table 5 Summary LCP results 
 
2.0mm Plate 1 
Rabbit 
# 
Age (day of 
surgery) date kg Surg time Procedure notes 
11041 54weeks 04.05.2011 4.9 75’ 2.0 mm plate 
 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory. 
Clinical recovery from surgery was uncomplicated but radiographs taken 2 weeks post operatively showed 
that the 2nd and 3rd screws (with 1st being most proximal) had broken through the shank at the interface with 
the plate (Fig 16) .  Very slight rotational malalignment was noted at the osteotomy but the animal showed 
no signs of discomfort or distress so the decision was made to continue observation.  The animal was 
euthanized as planned after 7 weeks with radiographs showing signs of fracture healing despite the 
mechanical fixation failure.  Post mortem macroscopic examination, mechanical testing and histology 
demonstrated hypertrophic callus formation with incomplete fracture union (Table 5/Fig 16). 
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Radiographs (2.0mm Plate 1) 
  
Day 14 post op 
At autopsy (7 weeks) Histology image 
  
Figure 16 Radiographs & images 2.0mm plate 1 
 
2.0mm Plate 2 
Rabbit 
# 
Age (day 
of 
surgery) date kg 
Surg 
time Procedure notes 
11043 56 weeks 24.05.2011 4.9 60’ 2.0mm plate 
 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory.  The rabbit made an uncomplicated recovery and was euthanized as planned after 7 weeks. 
There was macro and microscopic evidence of robust fracture healing and torsional stiffness was 
equivalent to the non-operated femur (Table 5/Fig 17). 
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Radiographs (2.0mm Plate 2) 
  
At autopsy (7 weeks) Histology image 
  
Figure 17 Radiographs & images 2.0mm plate 2 
 
2.4mm Plate 1 
Rabbit 
# 
Age (day 
of 
surgery) date kg 
Surg 
time Procedure notes 
11046 61 weeks 27.06.2011 4.7 60’ 2.4mm plate 
 
Due to the fixation failure seen in LCP Animal 1 (11041) it was decided to increase the size and strength of 
the implant.  In this and subsequent procedures an 8-hole,  2.4mm locked plate (2.4mm screws) was used 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory. The rabbit made an uncomplicated recovery and was euthanized as planned after 7 weeks. 
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There was macro and microscopic evidence of robust fracture healing and torsional stiffness was 
equivalent to the non-operated femur (Table 5/Fig 18). 
Radiographs 2.4mm Plate 1 
  
Histology 2.4mm Plate 1 
 
Figure 18 Radiographs & images 2.4mm plate 1 
 
2.4mm Plate 2 
# 
Age (Day 
of 
Surgery) date kg 
Surg 
time Procedure notes 
11048 63 weeks 13.07.2011 4.6 60’ 2.4mm plate 
 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory. The rabbit made an uncomplicated recovery and was euthanized as planned after 7 weeks. 
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Radiographs and histology reflected those for 2.4mm Plate 1 above; there was macro and microscopic 
evidence of robust fracture healing and torsional stiffness was equivalent to the non-operated femur. 
2.4mm Plate 3 
# 
Age (Day 
of 
Surgery) date kg 
Surg 
time Procedure notes 
11047 63 weeks 13.07.2011 4.3 70’ 2.4mm plate 
 
The procedure was performed without complication and immediate post operative radiographs were 
satisfactory.  Clinical recovery from surgery was uncomplicated but radiographs taken 2 weeks post 
operatively showed a displaced fracture of the proximal femur extending through the proximal screw holes 
from the osteotomy (Fig 19). The animal was euthanized and an autopsy performed 
  
  
Figure 19 Radiographs & images 2.4mm plate 3 
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4.5 Inoculation media experiments 
Experiments using 5 and 120min time points were repeated 8 times for Carboxy-methyl cellulose, 6 times 
for Glycerol, and 3 times each for Aquasonic gel and medical gelatin.  Initial results and experience with 
handling rapidly lead to some materials being dismissed as potential suspension media, allowing more 
efficient further evaluation of more promising candidates.  This explains the uneven number of repetitions 
for each experiment. 
Control dilutions of PBS were performed at the same time points on each occasion.  The 5 minute time 
point reflected the time taken to pipette out the initial dilutions.  The 120 minute time point was selected as 
it is the upper limit of surgical delay likely when coordinating an in vivo trial and would give some idea of the 
trend in bacterial growth.  
In general there was a high degree of variation in results for candidate media.  Bacterial concentration  in 
PBS suspensions from the index time point  (5 minutes) on different days varied, making it difficult to 
compare absolute CFU concentrations between experiments done on different days (and therefore with a 
different parent colony and solution).  This was not unexpected given the nature of the preparation 
protocols described above.  Growth (or lack thereof) however was consistent in PBS control solutions 
indicating that the source of variation was likely to be in the index colony rather than the technique (Table 
6). To overcome this inherent variation in index inocula, results are presented as a logarithmic scale of 
proportionate growth (Fig 23).  That is Log10 (CFU@ 120’/CFU@ 5’) for each media with each replicate of the 
experiments numbered. 
Mean growth in inoculation media is presented in Figure 20.  Replicate experiments in each medium are 
presented in Figure  21 to 24 illustrating variability. 
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Figure 20 Log
10
 Mean Bacterial growth 
Log
10
 (CFU @ 120‘/CFU @ 5‘) 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Glycerol CMC PBS Gelatin
 Log10  Mean growth 
Replicate Glycerol CMC PBS Gelatin Aquasonic 
1 3.16 2.81 1.16 5.00 0 
2 2.62 1.64 1.01 2.38 0 
3 1.05 1.03 1.05 1.86 0 
4 0.79 0.94 0.33   
5 0.56 1.20 1.09   
6 0.53 2.05 3.10   
7  1.28    
8  3.23    
9  26.02    
10  6.22    
11  5.18    
average 1.45 *2.56 1.29 3.08  
median 0.92 *1.84 1.07 2.38  
St dev 1.04 *1.74 0.85 1.37  
Table 6 Bacterial growth expressed as a proportion. 
 (CFU @ 120' / CFU @ 5').  *Highlighted outlier value not included. 
 
 Lorenzo Calabro 32 
 
AquasonicTM gel 
After 5 minutes in suspension with AquasonicTM  gel, bacterial colony counts were similar to control PBS 
suspensions, indicating the bacteria were evenly distributed within the gel and there was no immediate 
antimicrobial activity.  Nil bacteria survived following suspension in Aquasonic gel for 120 minutes. To 
confirm the antibacterial effect of the gel, an identically prepared suspension of bacteria in Aquasonic was 
diluted 100x (as opposed to the regular 10000x ) and spread over TSA in a petrie dish.  Nil CFU’s were 
counted after 16hrs incubation indicating that even with an exponentially higher inoculum,  nil bacteria 
survived.  
Gelatine 
CFU counts were between 1.8 to 5 times higher after 2hrs in gelatine suspensions compared with 5 
minutes in gelatine suspensions  (n=3, Mean 3.08, Median 2.38, SD 1.37) (Fig 20). 
  
Figure 21. Bacterial growth in Gelatine. Log
10
 (CFU @ 120'/ CFU @ 5').   
 
 
 
 
 
 
 
 
 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
1 2 3
Replicates 
Gelatine Log10 growth CFU  
mean 
median 
median 
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Glycerol 
100% Glycerol had a relatively low viscosity compared to other media.  It was highly amenable to pipetting 
and injection.  Experiments with Glycerol were repeated 6 times with varying results.  Colony counts after 
two hours suspension in glycerol ranged from 0.5x to 3x  those taken from the same mixture at the zero 
timepoint .  (n=6, mean 1.45, median 0.92, SD 1.04) (Fig 21). 
 
Figure 22. Bacterial growth in Glycerol. Log
10
 (CFU @ 120'/ CFU @ 5').   
Carboxymethyl-cellulose (CMC) 
The results of 2hrs suspension in CMC are presented in Figure 22.  Overall CMC caused positive growth in 
bacterial colonies although the magnitude of this growth was variable.  Unlike glycerol, CMC never caused 
negative growth in colony number.  (n=11, mean 4.7, median 2, SD 7) (Fig 22).  
 
Figure 23. Bacterial growth in Carboxymethyl Cellulose. Log
10
 (CFU @ 120'/ CFU @ 5').   
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5. Discussion 
In vivo outcomes of fixation with both the intra medullary nail and locked plate did not meet our criteria for a 
good animal model.  Further surgery was ceased due to a high rate of early fixation failure.  Post operative 
radiographs and autopsies allowed analysis of the mechanisms of failure.  This is presented below for the 
IM nail and locked plate groups. 
IM Nail 
Nails 2 and 3 appear to have failed in the same or very similar manner.  The implants and femora in both 
animals fractured in the early post operative period presumably before any callus formation could occur.  In 
both cases the distal interlocking pins broke and a new fracture line ran through the holes associated with 
these pins (Figs 11-15).  Further to this a well defined cortical rift in the shape of a circumferential arc was 
found associated with the 3rd (from proximal) pin hole suggesting that the pin had cut a path in the bone 
while it was still intact.  This suggests that the 3rd pin remained intact after the implant had lost torsional 
stability – presumably after breakage of the 4th pin.  We therefore speculated that failure occurred due to a 
repetitive torsional stress causing progressive breakage of the 4th pin, increased strain at the 3rd pin 
resulting in fracture propagation from the pin hole longitudinally to the osteotomy.  The repetitive stress may 
have been low in magnitude (ambulation) or high (thumping leg / anxiety response) but in neither case was 
post operative fracture witnessed.  It is notable that the same failure did not occur in nail 1 where torsional 
stability was lost by way of pin 1 backing out slowly over the first few weeks. 
 
Locked plates 
Two failures occurred in the locked plate groups.  Two 1.5mm screws broke through the shank at their 
interface with the plate while one of three animals in the 2.0mm plate group had an early periprosthetic 
fracture which quite clearly propagated along the line of the proximal 3 screws.  It would appear that while 
the 1.5mm screws were not strong enough to withstand physiological forces, the 2.0mm screws caused a 
stress riser that contributed to fracture propagation. 
A literature search revealed no existing fracture healing studies in a rabbit model where locked plate or 
interlocking intramedullary nail fixation had been used.  Examples exist where low contact plates, similar to 
an LCP 38 and non locked IM nails 49, 50  have been implanted in rabbit tibiae but neither study incorporated 
a fracture into the model, instead concentrating on infection susceptibility alone.  Albanese et al fixed a 
femoral midshaft osteotomy similar to the one in this study with conventional AO ¼ tubular plates in juvenile 
rabbits and reported that osteotomies healed over 4-9 weeks in all 24 rabbits in the study, although screws 
pulled out in 2 animals 51.   Worlock et al fixed a rabbit tibial osteotomy with standard plate and screws or a 
non locked IM nail device and inoculated the osteotomy with S. aureus 35 . They reported a complication 
rate of approximately 20% in 40 rabbits.  Southwood et al (2004) also used a NZ white rabbit femur model 
to evaluate fracture healing in an infected 10mm mid diaphyseal bone defect 52.  The fixation used was 2 
stacked 2.0mm plates with 8 screws and cerclage wire.  It was reported that 19/64 (30%) of animals were 
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euthanized without completing the study although the specific reasons were not described.  Fracture 
models using a saw osteotomy have been created in the rabbit tibia.  The model described by Darouiche et 
al  53 is typical where a Kirschner wire is used for fixation with the fibula left intact to provide further stability.  
Darouiche reported that 17/44 (39%) of animals were euthanized prior to study completion due to 
complications including wound dehiscence, loss of fixation or failure to thrive. 
Failure mechanisms and potential solutions 
Repeated failure at the interlocking pin/bone interface suggested that this should be a focus in re-designing 
the nails.  Potential variables considered were pin diameter, pin spacing, pin number and the method and 
strength of pin fixation in bone.  Pins in all 3 animals were pre-drilled with a 1mm drill bit and gained 
purchase in the near femoral cortex by means of a taper design with pre-determined break-off torque to 
standardise their insertion strength. With a smooth pin design, in nail 1 the proximal interlocking pins 
backed out early in the healing period.  This effectively led to a loss of torsional stability of the construct, 
and therefore torsional loads were no longer transmitted to the distal pin/bone interface when the animal 
loaded its femur.  The addition of ribs to the pins and an increased break-off torque appeared to have 
successfully addressed the back-out failure observed in animal 1. But conversely, it appears that the 
maintained load transfer to the distal nail and interlocking pin section and the repetitive loading due to l imb 
ambulation throughout the healing period exceeded the fatigue resistance of the distal interlocking pins and 
consequently led to their failure.  Increasing the pin diameter or number may have increased the fatigue 
resistance of the pins and could have prevented pin breakage, which appeared to be the initial point of 
failure (Figs 12,15), but it was feared that both of these solutions would have increased the likelihood of 
crack formation in the rabbit femora.  These bones have been shown to have low fracture toughness in 
longitudinal planes 54.  This is thought to be due to their abundance of longitudinally oriented vascular 
canals 54 .  Clustering larger pin holes along a longitudinal axis, as is mandated by the current design of the 
aiming device, therefore may have weakened the bone and could have led to longitudinal crack formation. 
Although increases in pin diameter or number would have increased the overall strength and stiffness of 
the implant construct, earlier ex vivo mechanical tests had shown consistent failure of the bone before any 
implant construct failures. It was therefore not altogether certain that increasing the strength and stiffness of 
the implant would have lead to more reliable results. More importantly, however, these experiments 
showed the limitations of static mechanical tests for the prediction of implant survival in longer term fracture 
healing experiments.   
A similar conundrum was faced in the locked plate model where an incremental increase in plate and screw 
size led to changes in the mechanism of failure.  In the 2.0mm plate 1, fixation failed due to implant 
breakage.  In order to address this, a stronger implant (2.4mm plate) was used for subsequent animals. But 
in 2.4mm plate 3 a longitudinal fracture occurred through the screw holes, which were larger than in the 
originally used 2.0mm plate, highlighting the low fracture toughness of rabbit femora in longitudinal planes, 
as mentioned earlier.  It could be argued that the 2.4mm plate model was prematurely abandoned after a 
single failure, and that modification of the implants could have reduced the risk of construct failure. 
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Potential modifications may have included tapping the screw holes to reduce the pre-tension and therefore 
reduced the risk for longitudinal fractures, or the alteration of the working length or screw number to change 
the overall construct stiffness.  Importantly, any of these potential modifications to implant design would 
have needed to be mechanically tested ex vivo and the results compared to those achieved with the 
existing systems prior to further in vivo work.  Similar ex vivo testing would be needed to test the 
hypotheses above regarding pin diameter and placement in the IM nail model.  However, considering the 
frequency of failure in the in vivo experiments and the nature of the mechanisms of failure in both in vivo 
and ex vivo trials, it was concluded that the rabbit femur model, due to its low longitudinal fracture 
toughness and the high loads applied to this bone during animal locomotion, would have a low safety 
margin even with potential modifications. 
 
Rabbits as animal models for fracture healing 
Rabbits cannot be feasibly or ethically immobilised post operatively and have a powerful hind leg with large 
muscle bulk in proportion to bone size.  As noted above, unpredictable thumping or ambulation force 
appears to have overwhelmed the strength of the implant/bone system.  Other factors that may have 
contributed are rabbit age, weight and bone quality.  We used NZ white rabbits with an average weight of 
4.8 kg and average age of 59 weeks.  NZ white rabbits are the species most commonly used in 
musculoskeletal infection research 36, 49, 55-63.  The rabbits used in this trial were heavier than those 
commonly used in the literature and this may have influenced our results.  As noted above Albanese et al 
reported that 100% of femoral osteotomies healed in their cohort of 24 six week old rabbits 51.  Average 
animal weights were reviewed in a number of studies that used NZ white rabbits for animal models and are 
presented in table 7.    
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Principal Author year Weight range (kg) Mean weight (kg) 
    
Norden 61 1970 1.8-2 NA 
Andriole 55 1973 3.0-6.0 NA 
Mayberry-Carson 59 1984 1.5 -2 NA 
Melcher 49 1994 
 
3.83 
Eerenberg 64 1994 3 – 3.5 NA 
Worlock 35 1994 3.5-? NA 
Smeltzer 63 1997 2.0-3.0 NA 
Koort 57 2005 2.5-3.5 2.88 
Horn 56 2005 
 
3.98 
Poultsides 62 2008 3 – 3.6 3.40 
Del Pozo 65 2009 2.5-3.5 NA 
Moskowitz 60 2010 2.5 – 3.8 3.03 
Li 58 2010 2.5 – 3.5 NA 
Table 7 Weight range and mean weight NZ White Rabbits.  NA= (Not available) 
It is also of note that in vivo patterns of failure differed from ex vivo mechanisms.  This calls into question 
the validity of our mechanical testing protocol as a predictor of in vivo performance.  Factors which may 
explain this difference are the soft tissue envelope and functional biomechanics of the rabbit.  Functional 
loads on the rabbit femur have not been described in the literature to our knowledge.  It is likely that they 
are complex and not easily reproduced in the laboratory.  We selected torsional testing alone as a single 
test (as opposed to additional testing in 4 point bend or axial compression) because this allowed the use of 
less femurs, and torsional forces are thought to be the most dominant forces during functional loading 45.  
Successful fracture healing requires a specific and complex biological and mechanical environment.  
Modern clinical fracture management takes into account the balance between stress and strain as 
described by Perren et al.  An implant too stiff prevents sufficient strain which is a key stimulus in bone 
healing and creates stress risers at bone interfaces.  Conversely an implant system with too little stiffness 
will not deliver the stability required for cellular bridging of the fracture gap.  It is not clear from the variety of 
failure mechanisms whether the implants used in this study were too stiff or not stiff enough.  It would be 
possible to stiffen the nail construct by thickening or increasing the number of interlocking pins but given 
that both animals had fractures which appeared to have propagated through pin holes, it is unclear if this 
would have lead to better results.  Similarly, with the plate constructs, changing the working length of the 
plate or the number of screws used would alter the stiffness of the construct, but any such change would be 
speculative at this point. 
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Another reasonable option would be to use a non (or less) weight bearing long bone in the rabbit.   This 
may avoid the large potential physiological forces placed through a rabbit femur.  The rabbit humerus may 
be suitable as they have good soft tissue cover and tend to have a straight intramedullary canal which 
could accommodate an interlocked nail.Subsequent to the completion of this work, rabbit humerus plate 
and IM nail models have been developed within the same research group with no failures in 16 pilot 
animals (8 nails and 8 plates) (Correspondence ARI, August 2013). 
In vitro inoculation media experiments 
To our knowledge no published data exists in the scientific literature on bacterial viability in the media 
tested in our experiments, with the exception of glycerol.  Saegeman et al reported on the survival of a 
range of bacteria including S. epidermidis and S. aureus in 85% glycerol over 24-36 hrs and up to 10 days 
40.  They found that there was a weak antimicrobial effect, more pronounced with gram negative species, 
and over the longer time frame.  
When measured against the criteria listed above: Safety; sterility; handling; cost; impact on bacterial 
viability; and biocompatibility; none of the candidate media could be said to be ideal.  Aquasonic gel and 
Gelatine can be eliminated due to frank antimicrobial effect and poor handling characteristics, respectively.  
Bacterial viability in Glycerol and CMC was more variable than in PBS.  It is not possible from this data to 
determine the cause for this variation.  It is necessary to examine our data and methods for signs of 
random or systematic error.  Potential sources of random error include heterogeneity in media and 
imprecision in equipment or processes (light spectrometer, incubator, the dilution process, Eppendorf tube 
labelling, timing or colony counts).  Random error can be reduced by repetition.   We feel that consistency 
of results, particularly in PBS control preparations (which were inoculated, diluted and plated in parallel and 
with identical technique to experimental preparations) indicates that variation is unlikely to be due to 
technique error.  Potential sources of systematic error could relate to changes in the source bacteria, due to 
mutation or contamination in the 3 week period of experimentation.  However, the macroscopic appearance 
of S. aureus is distinct and remained constant throughout the experiment, indicating this was not a source 
of error.   In addition, steps were taken, as detailed above, to ensure that bacteria were in an optimal log 
phase of growth in each series.  Manipulation of inoculation media required a number of steps including 
accurate pipetting and mechanical mixing of visually indistinguishable fluids for each preparation and 
dilution.  It is possible that a heterogeneous suspension of bacteria in viscous media would cause sampling 
error, which then would continue down the chain of dilution distorting results.  No trend was identified over 
time to suggest that results were influenced by a learning curve.   Variation in results is best explained by 
either an inherent variation in index colonies, or sources of random error detailed above, or a combination 
of both. 
In our view both Glycerol and CMC had an acceptable impact on bacterial growth for consideration as 
inoculation media in a small animal infection model (e.g. in rabbits) where up to 107 CFU are inoculated in a 
1mL preparation.  The fact that CMC caused positive growth in all series does not absolutely preclude its 
use in animal infection models.  In a study designed to evaluate a treatment for established osteomyelitis 
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where the aim is to create infection in 100% of subject animals (ID100) CMC may be appropriate.  Caution 
may be required in an ID50 trial design (evaluating prophylactic interventions for example).  In such a trial, 
where the goal is to prevent infection, a clinically relevant effect may be overwhelmed by a higher than 
expected inoculum.    CMC was more viscous than 98% glycerol and for this reason had preferable 
handling characteristics although it is difficult to evaluate this objectively.  
6. Conclusions 
Neither the locked plate or RabbitNail fracture models could be considered to meet criteria for a reliable, 
reproducible and robust animal model.  Given the high incidence of early mechanical failure in both groups, 
and in the existing literature, future fracture models involving the rabbit femur should be undertaken with 
caution and in initially limited numbers.  It is not possible to determine the cause of failure from this data but 
animal weight and senescence may have influenced our results.  The utility of ex vivo mechanical testing of 
fixation constructs for predicting in vivo performance is limited. 
The nature of the inoculation media experiments was exploratory rather than definitive.  Aquasonic gel and 
pharmaceutical gelatine with the specifications used can be ruled out as effective inoculation media.  CMC 
and Glycerol performed satisfactorily with regards to handling and bacterial viability and warrant further 
investigation.  Options to further test the hypothesis that viscous media would improve precision in 
musculoskeletal infection models include contrast imaging to determine dissemination and a limited in vivo 
pilot study. 
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Abstract 
Musculoskeletal infection remains a great challenge in orthopedic and trauma surgery. Despite best 
medical and surgical practice and significant advances in research and development, bone and implant 
associated infections are still difficult to diagnose, impossible to prevent in all cases and require invasive 
and debilitating treatment. The development and safe clinical implementation of novel preventative, 
therapeutic or diagnostic strategies requires the use of animal models of infection, which provide crucial 
evidence regarding performance, cytocompatibility, biocompatibility, and safety prior to clinical 
implementation. 
Many animal models of musculoskeletal infection have been described in the literature; however, there 
remains a dearth of fully standardized or universally accepted reference models hindering advancement in 
the field. The following chapter provides an overview of the animal models available for the study of 
musculoskeletal infection, the latest advances that are expected to improve them, and some of the most 
important scientific output achieved using these models. 
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Australian Orthopaedic Association, Annual Scientific Meeting, Sydney, October 2012. 
Challenges in Developing a Rabbit Fracture Model for Orthopaedic Trauma Research. 
Calabro L, Matthys R, Zderic I, Steck R, Schuetz M, Moriarty T. 
Abstract 
INTRODUCTION 
Small animal models are important in trauma research.  Recent development of scaled down implants 
mirroring those used in clinical orthopaedics has potential to increase the external validity of new models.  
The aim of this pilot study was to develop an ethical, reliable and reproducible model for long bone fracture 
fixation in rabbit femora. 
METHOD 
To evaluate proposed fixation constructs, 24 size matched cadaver rabbit femora were divided into groups, 
fixed with either the Rabbit-nail™ (custom designed, locked IM femoral nail), or a locked plate (Synthes) 
and mechanically tested.   In vivo testing was done on 8 rabbits at the AO research institute (Davos, 
Switzerland).  Surgeries were performed under general anaesthesia and sterile conditions.  Transverse 
right femoral shaft osteotomy was performed after implantation of either a locked 1.5mm or 2.0mm plate 
(n=2 and 3 respectively) or the rabbit nail (n=3).  Animals were euthanized 7 weeks post op or earlier if 
there were signs of distress.  Radiographic, mechanical and histologic evaluation were performed. 
RESULTS 
Intact cadaver femora with or without an intra-medullary nail implanted had similar  torsional stiffness and 
torque at failure.  Osteotomised cadaver femora fixed with a 1.5mm locked plate had similar stiffness and 
torque at failure to those fixed with the intramedullary nail.  In the in vivo experiments, all 3 pilot animals 
fixed with the Rabbit-nail experienced complications.  In the first animal the proximal interlocking pins 
backed out but the animal showed no signs of distress and was found to have a hypertrophic non-union 
after euthanasia at 7 weeks.  Interlocking pin design was altered to address this issue for animals 2 and 3 
but both had early peri-prosthetic fracture and were euthanized.  5 animals were fixed with locked plates.  
The first 2 animals had a 1.5mm plate implanted.  One went onto heal while the second healed with partial 
fixation failure.  In response to this a limited trial was performed with a 2.0mm plate.  2 animals survived the 
healing period without complications, while the 3rd experienced an early peri-prosthetic fracture and was 
euthanized.  Torsional stiffness in healed fractures at 7 weeks was not significantly different from that of the 
intact contra-lateral femur.   
CONCLUSION 
The results of this pilot model were disappointing.  Rabbit femur osteotomy and fixation with either the 
rabbit nail or varying locked plate constructs was associated with unacceptable rates of fixation failure and 
peri-prosthetic fracture.  Rabbit femora are subjected to potentially high and unpredictable forces making 
reliable fracture fixation difficult. 
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Australian Orthopaedic Association QLD Branch, Annual Scientific Meeting, Brisbane,  June 2012. 
Development of a Rabbit Fracture Model for Orthopaedic Trauma Research: Challenges and Lessons 
Learnt. 
Calabro L, Matthys R, Zderic I, Steck R, Schuetz M, Moriarty T. 
Abstract 
INTRODUCTION 
Small animal models are important in trauma research.  Recent development of scaled down implants 
mirroring those used in clinical orthopaedics has potential to increase the external validity of new models.  
The aim of this pilot study was to develop an ethical, reliable and reproducible model for long bone fracture 
fixation in rabbit femora. 
MATERIAL AND METHODS 
To evaluate proposed fixation constructs, 24 size matched cadaver rabbit femora were divided into groups, 
fixed with either the Rabbit-nail™ (custom designed, locked IM femoral nail), or a locked plate (Synthes) 
and mechanically tested.   In vivo testing was done on 8 rabbits at the AO research institute (Davos, 
Switzerland).  Surgeries were performed under general anaesthesia and sterile conditions.  Transverse 
right femoral shaft osteotomy was performed after implantation of either a locked 1.5mm or 2.0mm plate 
(n=2 and 3 respectively) or the rabbit nail (n=3).  Animals were euthanized 7 weeks post op or earlier if 
there were signs of distress.  Radiographic, mechanical and histological evaluations were performed. 
RESULTS 
Intact cadaver femora with or without an intra-medullary nail implanted had similar torsional stiffness and 
torque at failure.  Osteotomised cadaver femora fixed with a 1.5mm locked plate had similar stiffness and 
torque at failure to those fixed with the intramedullary nail.  In the in vivo experiments, all 3 pilot animals 
fixed with the Rabbit-nail experienced complications.  In the first animal the proximal interlocking pins 
backed out but the animal showed no signs of distress and was found to have a hypertrophic non-union 
after euthanasia at 7 weeks.  Interlocking pin design was altered to address this issue for animals 2 and 3 
but both had early peri-prosthetic fracture and were euthanized.  5 animals were fixed with locked plates.  
The first 2 animals had a 1.5mm plate implanted.  One went onto heal while the second healed with partial 
fixation failure.  In response to this a limited trial was performed with a 2.0mm plate.  2 animals survived the 
healing period without complications, while the 3rd experienced an early peri-prosthetic fracture and was 
euthanized.  Torsional stiffness in healed fractures at 7 weeks was not significantly different from that of the 
intact contra-lateral femur. 
CONCLUSIONS 
This study highlighted the challenges involved in the development of new experimental models.  Rabbit 
femur osteotomy and fixation with either the rabbit nail or varying locked plate constructs was associated 
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with unacceptable rates of fixation failure and peri-prosthetic fracture.  Rabbit femora are subjected to 
potentially high and unpredictable forces making reliable fracture fixation difficult. 
 
 
